ABSTRACT: Tropomyosin is a stereotypical R-helical coiled coil that polymerizes to form a filamentous macromolecular assembly that lies on the surface of F-actin. The interaction between the C-terminal and N-terminal segments on adjacent molecules is known as the overlap region. We report here two X-ray structures of the chicken smooth muscle tropomyosin overlap complex. A novel approach was used to stabilize the C-terminal and N-terminal fragments. Globular domains from both the human DNA ligase binding protein XRCC4 and bacteriophage φ29 scaffolding protein Gp7 were fused to 37 and 28 C-terminal amino acid residues of tropomyosin, respectively, whereas the 29 N-terminal amino acids of tropomyosin were fused to the C-terminal helix bundle of microtubule binding protein EB1. The structures of both the XRCC4 and Gp7 fusion proteins complexed with the N-terminal EB1 fusion contain a very similar helix bundle in the overlap region that encompasses ∼15 residues. The C-terminal coiled coil opens to allow formation of the helix bundle, which is stabilized by hydrophobic interactions. These structures are similar to that observed in the NMR structure of the rat skeletal overlap complex [Greenfield, N. J., et al. (2006) J. Mol. Biol. 364,[80][81][82][83][84][85][86][87][88][89][90][91][92][93][94][95][96]. The interactions between the N-and C-terminal coiled coils of smooth muscle tropomyosin show significant curvature, which differs somewhat between the two structures and implies flexibility in the overlap complex, at least in solution. This is likely an important attribute that allows tropomyosin to assemble around the actin filaments. These structures provide a molecular explanation for the role of N-acetylation in the assembly of native tropomyosin.
Tropomyosin was one of the first molecules to be classified as an R-helical coiled coil and is often considered to be a stereotypical example of this structural motif (1, 2) . As such, it might appear to be a simple molecule, but this belies the complexity of its biological function and the subtlety of its structure (3) (4) (5) . Tropomyosin was first isolated as a component of skeletal muscle, in which it plays a key regulatory function in muscle contraction, but it is widely distributed in non-muscle eukaryotic cells (6) . In non-muscle cells, the different tropomyosin isoforms contribute to the modification of actin filament assembly and disassembly rates (7) (8) (9) . There are more than 40 isoforms of tropomyosin found in mammals that are all associated with filamentous actin. These isoforms arise from alternative splicing of four genes (10, 11) .
Tropomyosin assembles in a head-to-tail fashion along the length of actin filaments following the long-pitch helical path of the F-actin subunits. On the basis of the length of the intact molecule in crystals or paracrystals, it was estimated that two molecules of tropomyosin overlap by approximately nine residues (2, 12) . The overlap region between the C-terminus of one tropomyosin dimer and the N-terminus of another plays an important role in the function of this molecular assembly. Indeed, removal of the terminal residues eliminates polymerization (13, 14) . In skeletal muscle, the N-terminal section of troponin T binds to the overlap region between adjacent tropomyosin dimers (15) where the troponin complex controls the location of tropomyosin on the actin filaments and thus serves to restrict or allow myosin access to actin depending on the calcium level in the cell (3, 16, 17) . Interestingly, the amino acid sequence of the tropomyosin overlap region is one of the areas of greatest variability between tropomyosin isoforms. This variability leads to the question of whether the overlap interaction is the same for all isoforms.
Considerable effort has been devoted to determining the structure of the overlap region between tropomyosin molecules where most of the studies have focused on the striated muscle isoform (18, 19) . Deriving a structure of the overlap region has been a difficult task because the interactions between individual molecules are very weak. This weakness is offset in nature by its interactions with and cooperative assembly on the filament of actin (20, 21) . In vitro studies are also complicated because N-acetylation of the N-terminal methionine is necessary for coiledcoil stability, overlap formation, and actin binding. This posttranslational modification is absent in Escherichia coli (22, 23) . Originally, it was proposed that the N-and C-terminal coiled coils of adjacent dimers might overlap in a side-by-side fashion (2) , but as high-resolution structures of these N-and C-terminal regions have become available, it has become clear that a different model is more likely. The structure of the 81 N-terminal amino acids exhibits a coiled coil throughout its length (24) . In contrast, the R-helices at the C-terminus of tropomyosin separate and do not maintain a coiled coil (25, 26) . On the basis of these observations, it was proposed that the coiled coil of the N-terminus is inserted between the R-helices of the C-terminus (25) .
The first structure of an overlap complex was obtained by NMR for the rat skeletal isoform of tropomyosin (27) . This demonstrated that both the N-and C-terminal coiled coils melt slightly to allow interdigitation to form a symmetrical parallel coiled-coil four-helix bundle. In this structure, the coiled coils overlap by 11 residues. More recently, a model for the rat non-muscle tropomyosin isoform, which has an N-terminal sequence different from that of the skeletal isoform, has been prepared on the basis of the structure of the N-terminal coiled coil (28) . This isoform utilizes exons 1b and 9d instead of exons 1a and 9a, which are translated in skeletal muscle tropomyosin. The overall model is similar to the rat skeletal isoform, but the degree of overlap is greater encompassing 16 amino acid residues. In contrast to the NMR structure, the X-ray structure of the rabbit skeletal overlap complex is completely different. Here the C-terminus maintains its coiled-coil structure but interacts obliquely with only one R-helix of the N-terminus (29) . The reason for the difference between the NMR and X-ray structures is unknown, especially considering the almost identical sequences for these constructs. This might imply greater conformational variability in the overlap region than initially envisioned and imply that these differences would be evident in related isoforms. To address this question, we have determined the X-ray structure of the overlap region of chicken smooth muscle tropomyosin.
Chicken smooth muscle tropomyosin has the same N-terminal sequence and the same overall number of amino acids as the skeletal isoform but differs at its C-terminus. Both skeletal and smooth isoforms of muscle tropomyosin use exon 1a for their N-terminus, whereas exons 9a and 9d are used for the C-terminus of skeletal and smooth tropomyosin, respectively. This study answers the question of how the overlap region can accommodate multiple sequences. It was accomplished using a novel approach for creating the N-and C-terminal fragments.
In the previous studies of the tropomyosin overlap complex, a segment of the leucine zipper found in the yeast transcription factor GCN4 was included to stabilize the truncated coiled coils (25, (27) (28) (29) (30) (31) (32) . This is the standard strategy for expressing fragments of proteins that contain a coiled coil; however, not all coiled-coil fragments fold well as fusions with leucine zippers. To improve the solubility and folding characteristics, we prepared fusion proteins that included globular domains in place of the simple leucine zipper. These domains were identified in the human DNA ligase binding protein XRCC4, the bacteriophage φ29 scaffolding protein Gp7, and the C-terminal helix bundle of the microtubule binding protein EB1 (33) (34) (35) (36) and were fused to the N-or C-terminus of tropomyosin. The fusions were expressed as soluble proteins in E. coli and crystallized readily. With this approach, two similar structures of the overlap complex were obtained utilizing different combinations of globular domains. This indicates that the observed overlap is not a consequence of an individual fusion protein. The overlap region of the N-and C-termini extends over 15 residues in both structures, but with slightly different angles between the axis of the N-terminal coiled coil and the C-terminal coiled coil, where this suggests that the overlap region can accommodate a range of angular interactions. The parallel helix bundles are morphologically similar to those seen previously by NMR in rat skeletal and nonmuscle tropomyosin (27, 28) .
MATERIALS AND METHODS
Fusion Protein Design. Careful consideration was given to the design of the junctions between Gp7, EB1, and XRCC4 and smooth muscle tropomyosin. First, the heptad registration of the coiled-coil domains of each protein was identified with Coils and Paircoil2 (37, 38) . Then this information was utilized to design a series of constructs that maintained the coiled-coil motif throughout the junction between the proteins. The known structures of Gp7, EB1, XRCC4, and tropomyosin were considered to ensure that no important intra-or interchain interactions were removed during assembly of the fusion (33, 35, 36) . An alignment of the coiled-coil registration of Gp7, EB1, XRCC4, and tropomyosin is given in Figure S1 of the Supporting Information. The Gp7-TmC construct includes residues Pro2-Asp45 of Gp7 followed by residues Leu256-Met284 of tropomyosin. The XRCC4-TmC construct consists of residues Glu2-Ala135 of XRCC4 and residues Lys248-Met284 of tropomyosin. These two resulting constructs contained an additional Gly-Gly-Ser-Gly series on the N-terminus after removal of the six-His tag with TEV protease. The first glycine is the obligate P1 0 residue from the TEV protease cleavage site, whereas the others were included to facilitate removal of the purification tag. In the XRCC4-TmC construct, Ile134 of XRCC4 was mutated to threonine and Leu249 was mutated to asparagine in tropomyosin to maintain favorable intrachain interactions in the coiled coil. The TmN-EB1 construct consisted of residues Met1-Lys29 of tropomyosin and residues Asp215-Asp257 of EB1. In this construct, three residues, Gly-Ala-Ser, were left on the N-terminus after tag cleavage. The dipeptide Ala-Ser was included to facilitate interaction of the N-and C-termini of tropomyosin which does not occur when the native protein is expressed in bacteria due to the lack of N-acetylation (15) . The glycine residue was a residual one from the TEV cleavage site. A comparison of the residues of tropomyosin included in these constructs with those of earlier structural studies is shown in Figure 1 .
Expression Constructs. All tropomyosin constructs were expressed in E. coli using a modified pET31b (Novagen) vector that includes an N-terminal six-His tag followed by the recognition site for the TEV protease (39) . Cloning of the fusion constructs into expression vectors was accomplished through a combination of (1) PCR to produce the desired DNA fragments, (2) conventional restriction enzyme-based cloning, (3) QuickChange mutagenesis [essentially a homemade version of the QuikChange kit (Strategene) but using only a single primer], and (4) the enzymeindependent "QuickChange cloning" technique (40, 41) . Template plasmids containing cDNA were obtained from D. Anderson, the University of Minnesota (Gp7), Open Biosystems (XRCC4 and EB1), and Geneservice (chicken smooth muscle R-tropomyosin). All constructs were sequence-verified in both directions. The complete amino acid sequence of the expressed polypeptides can be found in the Supporting Information.
Protein Expression and Purification. The expression of all proteins was performed in Codon Plus E. coli cells (Stratagene) in 2 L flasks containing 1 L of LB medium with 100 μg/mL ampicillin and 30 μg/mL chloramphenicol. Cultures were grown at 37°C to an OD 600 of ∼0.6 (as measured in a Beckman DU-640 spectrophotometer), chilled on ice, induced with 1 mM IPTG, and allowed to grow for 14-18 h at 16°C. Wet cell paste was collected by centrifugation, frozen in liquid nitrogen, and stored at -80°C. Selenomethionine proteins were expressed in M9 medium utilizing a metabolic inhibition protocol (42) under otherwise identical conditions. All proteins were purified using an identical protocol. Typically, ∼5 g of cells was lysed by sonication in 25 mL of buffer A [50 mM NaH 2 PO 4 , 300 mM NaCl, and 20 mM imidazole (pH 8.0)] containing 0.5 mg/mL lysozyme, 1 mM PMSF, and protease inhibitor cocktail (made from individual components to be an exact equivalent of Roche's "Complete EDTA-free" tablets).
After sonication, the lysate was supplemented with MgCl 2 and DNase (final concentrations of 2 mM and 5 μg/mL, respectively) and centrifuged at 45000g for 30 min (JA-25.5 rotor). The supernatant was loaded onto an ∼4 mL Ni-NTA (Qiagen) column, washed extensively with buffer A, and eluted with a 100 mL gradient from buffer A to buffer B (same as buffer A but containing 400 mM imidazole). The purest fractions were mixed with TEV protease at an ∼1:40 molar ratio (TEV prepared as described in ref 43 ) and dialyzed at 4°C overnight against buffer C [20 mM Tris, 50 mM NaCl, and 0.5 mM TCEP (pH 8.0)]. Dialysate was repurified on the same Ni-NTA column, this time collecting fractions that elute at low imidazole concentrations. The purest fractions were pooled and dialyzed against buffer C, concentrated to ∼10 mg/mL using a Centriprep YM-3 (Millipore), clarified by centrifugation at 16000g, flash-frozen as 30 μL droplets in liquid nitrogen, and stored at -80°C.
Size-Exclusion Chromatography. Analytical size-exclusion chromatography was performed on a Superdex 200 HR 10/30 column (Pharmacia) at 0.5 mL/min with a running buffer composed of 25 mM MOPS, 50 mM NaCl, 0.5 mM MgCl 2 , 1.0 mM TCEP, and 5 mM NaN 3 (pH 7.0). Equimolar amounts of interacting protein partners were mixed to a final protein concentration of ∼10 mg/mL, filtered through a 0.22 μm filter, and incubated on ice for 45 min followed by 15 min at room temperature. Approximately 70 μL of the resulting protein complex was loaded on the column.
Crystallization, Data Collection, and Structure Determination. The tropomyosin overlap complexes were prepared when the individual N-and C-terminal fusion proteins were mixed in a 1:1 molar ratio based on the calculated extinction coefficients and experimental ratios determined by size-exclusion chromatography. The proteins were incubated on ice for 45 min before being held at room temperature for 15 min. The protein concentration for the components of the SeMetGp7-TmC-SeMetTmN-EB1 complex was 5.6 mg/mL for both proteins. The protein concentrations for the components of the XRCC4-TmC-TmN-EB1 complex solution were 7.4 and 3.5 mg/mL for XRCC4-TmC and TmN-EB1, respectively.
Crystallization conditions were surveyed by vapor diffusion with a 144-condition sparse matrix screen developed in the laboratory. The crystals for the SeMetGp7-TmC-SeMetTmN-EB1 complex were observed under three conditions from pH 5.5 to 7.5 with a variety of salts, but optimal crystals were obtained when 1 μL of the protein was mixed with 1 μL of 16% methyl ether polyethylene glycol 5000, 100 mM MES (pH 6.0), 140 mM CaCl 2 , and 2% methanol and equilibrated against the same solution. The crystals grew as plates with dimensions of 400 μm Â 300 μm Â 100 μm in approximately 3 weeks at room temperature. For the X-ray diffraction studies, the crystals were transferred into a 1:3 solution of synthetic mother liquor and cryoprotectant; the cryoprotectant consisted of 17% methyl ether polyethylene glycol 5000, 100 mM MES (pH 6.0), 180 mM CaCl 2 , 2% methanol, and 20% ethylene glycol. This was accomplished in four stages: 25% solution for 10 min, 50% solution for 5 min, and then a 75% solution for 2 min. They were then flash-frozen in liquid nitrogen.
The crystals of the SeMetGp7-TmC-SeMetTmN-EB1 complex belong to space group C222, with the following unit cell dimensions: a = 89.1 Å , b = 285.3 Å , and c = 43.5 Å . They contain two dimers of TmN-EB1 and one dimer of Gp7-TmC so that there is one complex and one free TmN-EB1 dimer in the lattice. Data were collected at Structural Biology Center Beamline 19-BM (Advanced Photon Source, Argonne National Laboratory, Argonne, IL) using an SBC-3 CCD X-ray detector at 100 K. The structure was determined from a SeMet SAD experiment to a (27) . (E) Rat non-muscle tropomyosin constructs used in the NMR structural study (28) . These different tropomyosin isoforms are the consequence of different exon usage. The N-terminal sequence is identical in both the skeletal and smooth muscle isoforms (blue) and is encoded by exon 1a. The N-terminal sequence of the non-muscle isoform is encoded by exon 1b (orange). The C-terminal sequences of skeletal (green) and smooth muscle tropomyosin (red) are encoded by exons 9a and 9d, respectively. Rat non-muscle tropomyosin uses the same C-terminal exon as chicken smooth muscle tropomyosin (10) . Different amino acids found in the same exon from different species are highlighted in yellow. resolution of 2.1 Å . A total of 180 frames, each with an oscillation range of 1.0°, were collected using the peak wavelength of Se at 0.9793 Å . Integration and scaling of the data were conducted using HKL3000 (44) . Selenium sites were located with SHELXD (45) , and initial phases were calculated using MLPHARE (anomalous R Cullis = 0.81) and further improved by DM (46) . The experimental phases were used for an initial model building by ARP/wARP (47) , which resulted in an R free of 37.8%. This model was refined iteratively with WinCoot and PRE-FMAC, refining directly against SAD data. The final R work and R free values were 20.1 and 24.1%, respectively. Data collection and refinement statistics are given in Table 1 .
The XRCC4-TmC-TmN-EB1 complex crystallized readily from 15 conditions in the screen with a pH range of 6.0-9.0 and a variety of salts and polyethylene glycols, but the best were obtained when 1 μL of the protein was mixed with 1 μL of the complex with a precipitant solution that contained 18% methyl ether polyethylene glycol 2000, 100 mM Bis-Tris (pH 6.5), and 120 mM MgSO 4 and equilibration against the same solution. The crystals grew as rhombic plates with dimensions of 500 μm Â 400 μm Â 100 μm in approximately 2 weeks at room temperature. For the X-ray diffraction studies, the crystals were transferred into a 1:3 solution of synthetic mother liquor and cryoprotectant, where the cryoprotectant consisted of 18% methyl ether polyethylene glycol 2000, 140 mM MgSO 4 , 100 mM Bis-Tris (pH 6.5), and 20% ethylene glycol. This was accomplished in stages: 25% solution for 10 min, 50% solution for 5 min, and then a 75% solution for 2 min. They were then flash-frozen in liquid nitrogen.
An initial X-ray data set for the XRCC4-TmC-TmN-EB1 complex was collected to 2.5 Å on a Bruker AXS Platinum 135 CCD detector (Bruker AXS Inc.) utilizing Cu KR radiation generated by a Rigaku RU200 X-ray generator equipped with Montel optics and operating at 90 mA and 50 kV. The data were recorded at 100 K utilizing an Oxford Cobra cryogenic cooling system, processed with SAINT version 7.06A (Bruker AXS Inc.), and scaled with SADABS version 2005/1 (Bruker AXS Inc.). The crystals belong to space group P4 1 2 1 2 with one overlap complex in the asymmetric unit and the following cell dimensions: a = 96.42 Å , b = 96.42 Å , and c = 162.83 Å . A preliminary structure was determined by molecular replacement utilizing residues Glu2-Ala135 of XRCC4 (Protein Data Bank entry 1FU1) with Molrep (33, 48) . All of the XRCC4-TmC fusion protein was visible in the initial electron density as was part of the N-terminal segment of TmN-EB1; however, the electron density for the EB1 helical bundle was ill-defined. The latter was improved with the density modification program Parrot (49) such that it was possible to autobuild parts of EB1 with the program Pirate (50) . A higher-resolution data set was recorded with synchrotron radiation at Structural Biology Center Beamline 19-BM (Advanced Photon Source, Argonne National Laboratory) using a SBC-3 CCD X-ray detector at 100 K. The data were integrated and scaled with HKL3000. The coordinates of the in-house structural solution for the XRCC4-TmC-TmN-EB1 complex were used as the search model for a molecular replacement solution obtained with Molrep (48) . Again, the EB1 region was poorly defined. TLS refinement was used to improve the electron density in this region. Manual model building and refinement were performed with WinCoot and REFMAC5 (51, 52) . The final R work and R free values for the final 2.2 Å structure were 20.7 and 25.0%, respectively. Refinement and data collection statistics are listed in Table 1 . Buried surface areas were calculated with SurfaceRacer (53).
RESULTS AND DISCUSSION
Optimization of a Stable Overlap Complex. The N-and C-terminal regions of smooth muscle R-tropomyosin were fused to the globular domains together with a short section of endogenous coiled coil found in EB1 (N-terminal construct) and either Gp7 or XRCC4 (C-terminal construct). These proteins were identified as potential candidates for fusion after a search of the Protein Data Bank (PDB) for structures of proteins that included a well-ordered compact globular domain that was either preceded (EB1) or succeeded (Gp7 or XRCC4) by a parallel and symmetric coiled coil. EB1 is a microtubule binding protein that contains a small helical bundle consisting of 28 amino acids at its C-terminus (36) . Gp7 is a bacteriophage φ29 scaffolding protein that carries a somewhat larger helical bundle that is composed of ∼40 amino acid residues at its N-terminus (35) . Lastly, XRCC4 is a DNA ligase binding protein that exhibits a mostly β-sheet domain consisting of ∼120 amino acid residues at its N-terminus. The resultant fusion proteins were expressed in E. coli in a soluble form at a concentration of ∼25 mg of soluble protein/g of cell paste, which highlights the utility of these constructs for the expression of fragments of coiled coils.
Several TmN-EB1 fusion proteins that differed at their N-termini were constructed with the goal of optimizing the stability of the overlap construct. As noted earlier, in vivo, N-acetylation of tropomyosin is required for the generation of a physiologically functional assembly on the surface of actin, where this posttranslational modification is absent in E. coli. Previously, it was shown that addition of Ala-Ser to the N-terminus restores that ability of tropomyosin expressed in E. coli to polymerize (54) . Later it was suggested that a single glycine at the N-terminus was a better mimic of acetylation for muscle isoforms of tropomyosin (30) . In this study, constructs that carried either a single glycine or a Gly-Ala-Ser tripeptide at their N-termini were prepared. Their ability to form a stable complex with the C-terminal tropomyosin fusion proteins was tested by size-exclusion chromatography. With this assay, only the protein with the Gly-SerAla tripeptide at its N-terminus generated a stable complex with the TmN-EB1 fusion protein (Figure 2 ). Consequently, this construct was utilized for the structural studies.
The structures reported here are for the smooth muscle avian R-tropomyosin overlap sequence. In vivo, smooth muscle tropomyosin exists as a constitutive heterodimer of the R and β isoforms (55) . The sequences of these isoforms are 85% identical; however, most of the differences lie outside of the overlap region. There are two differences between the R and β isoforms in the N-terminal segment and eight in the C-terminal segment for the structures reported here. Most of these differences that lie outside of the overlap region are solvent-exposed and are not predicted to destabilize RR homodimers. From this, we can conclude that the determinants for heterodimer formation lie outside of the overlap region.
Structural Overview of the Overlap Complexes. The structures of both the Gp7-TmC-TmN-EB1 and XRCC4-TmC-TmN-EB1 chicken smooth muscle tropomyosin overlap complexes have been determined to 2.1 and 2.2 Å resolution, respectively. Although radically different C-terminal fusions were utilized, the overlap regions themselves are topologically similar (Figure 3 ). Small differences arise, however, from crystal packing forces. In all cases, the electron density for the overlap regions is well-defined (Figure 4 ), though each lattice shows some conformational disorder. Fortunately, this occurs in different sections of each complex and does not involve any residues of tropomyosin.
The asymmetric unit of the Gp7-TmC-TmN-EB1 tropomyosin complex contains two dimers of the TmN-EB1 fusion protein and only a single Gp7-TmC homodimer. As a consequence, the asymmetric unit consists of one Gp7-TmC-TmN-EB1 complex and a free TmN-EB1 homodimer. Examination of the crystal lattice reveals that there is insufficient space to include a second molecule of Gp7-TmC without the introduction of serious steric clashes. In this case, it would appear that the packing forces are sufficient to exclude one molecular dimer of Gp7-TmC from the lattice, even though sufficient protein was present in the crystallization mixture to form a 1:1 complex. This implies that the crystal packing interactions are similar in magnitude to those involved in complex formation and thus could influence the nature of the complex observed.
Each Gp7-TmC and TmN-EB1 chain consists of 77 and 75 amino acids, respectively. Of the two TmN-EB1 chains found within the Gp7-TmC-TmN-EB1 complex, one was completely resolved with all 75 amino acids being modeled. Chain D, however, had incomplete electron density for the last seven amino acids of EB1 (Glu251-Asp257). In the two TmN-EB1 chains that did not participate in the complex, the first two amino acids of the Gly-Ala-Ser addition to the tropomyosin were disordered. Also, seven and six C-terminal residues of EB1 were A noticeable shift to 14.12 mL was observed when GP7-TmC and GlyAla-Ser-TmN-EB1 were mixed. not visible. For the Gp7-TmC fusion protein, the first seven amino acids of the Gp7 helical bundle (N-terminal Gly-Gly-SerGly sequence remaining from the affinity tag and Pro2-Lys4 of Gp7) and residues Glu19-Ala21 were disordered, whereas the remainder of the chain was well-defined.
The asymmetric unit of the XRCC4-TmC-TmN-EB1 tropomyosin complex contains one dimer of the XRCC4-TmC construct and one dimer of the TmN-EB1 construct. Each chain of XRCC4-TmC consists of 175 amino acid residues. The electron density maps were well resolved throughout the structure (Figure 4 ) with the exception of the region corresponding to the EB1 helical bundle. Examination of the crystal lattice shows that there is a large cavity associated with where the EB1 helical bundle is located, with few intermolecular contacts. As a consequence, the electron density for the helical bundle is not well-defined. Indeed, only residues Asp215-Asn223 and Asp215-Glu230 of EB1 could be built with confidence into chains C and D, respectively. Even so, the electron density for the overlap region was unequivocal (Figure 4) . The complexes are formed by the interdigitation of the N-and C-terminal coiled coils of tropomyosin, where the overall conformation is similar to that which has been seen previously in the NMR structure of the rat skeletal model of non-muscle tropomyosin complexes (27) (28) (29) . As in those structures, the C-terminal section of tropomyosin opens to allow the insertion of the N-terminal coiled coil. The extent of the opening of the C-terminal section of tropomyosin is approximately 2 Å larger than that observed in the structure of the free skeletal muscle fragment (25) (PDB entry IKQL). Thus, these complexes agree with the suggestion that the C-terminus would open upon formation of the complex (25) .
The coiled coils of chicken smooth muscle tropomyosin overlap by 12-15 residues. However, the exact number for each chain varies because the overlap complex is bent as discussed below. Even with this range, more residues are implicated in the smooth muscle overlap than the 11 observed in the NMR structure of the rat skeletal tropomyosin overlap complex. Notably, the structures reported here are quite different from the crystal structure reported for the rabbit skeletal tropomyosin complex, in which the overlap involves only one of the two N-terminal R-helices of tropomyosin (29) .
The N-terminal sequence of chicken smooth muscle tropomyosin is identical to that of the skeletal isoform. The structure of the first 81 amino acid residues of chicken skeletal tropomyosin has been determined previously (PDB entry 1IC2) (24) . Comparison of the structure of the tropomyosin segment included in TmN-EB1 with the equivalent residues in the skeletal isoform shows a rms difference between equivalent R-carbons of only 0.40 Å after exclusion of two N-terminal residues that adopt different conformations because of the addition of the Gly-Ala-Ser tripeptide at the N-terminus of the EB1 construct (see below). Similarly, the rms difference between equivalent R-carbons of the TmN-EB1 noncrystallographically related dimers in this crystal form (that in the complex and the free dimer) is only 0.29 Å , suggesting that complex formation has little impact on the structure of the N-terminal segment of tropomyosin. Likewise, the rms difference between the tropomyosin component of the TmN-EB1 dimer in the Gp7-TmC-TmN-EB1 and XRCC4-TmC-TmN-EB1 complexes is only 0.63 Å . The similarity of the N-terminal segment of tropomyosin across a broad range of constructs and complexes confirms, as suggested before, that the conformational changes needed to form a complex occur primarily in the C-terminal coiled coil of tropomyosin (27) .
The interactions between the N-and C-terminal coiled coils of smooth muscle tropomyosin show significant curvature (Figure 3 ). This differs somewhat in the two structures and probably reflects the inherent flexibility associated with the overlap region and its response to crystal packing forces. Deviation from linearity was also seen in the model for non-muscle tropomyosin (28) . This flexibility is likely an important attribute that allows tropomyosin to wrap around the actin filaments. The nature of the contacts observed in the smooth muscle tropomyosin overlap regions is discussed below, starting with the interactions seen in the XRCC4-TmC-TmN-EB1 complex and then followed by those seen in the structure of the Gp7-TmC-TmN-EB1 complex.
XRCC4-TmC-TmN-EB1 Overlap Complex. The curvature of the XRCC4-TmC-TmN-EB1 tropomyosin overlap region results in a shorter overlap of the R-helices on the outside of the curve and a deeper overlap of the R-helices on the inside. Since the structure of the N-terminal section of tropomyosin is approximately invariant in all of the structures, it is convenient to describe the complexes in terms of the position of the C-terminal helices relative to the fixed N-terminal coiled coils within the context of the curvature of the complex. Helix A of XRCC4-TmC lies on the inside of the curvature, whereas helix B of XRCC4-TmC lies on the outside (Figure 3) . Because of the curvature, helix A of XRCC4-TmC and helix D of TmN-EB1 are approximately parallel to each other. This requires that all other helices not be parallel to each other because of the intrinsic angle of approximately -20°between R-helices in a coiled coil. Thus, the interaction angle between helices B and D of TmC and TmN and the angle between helices A and C of TmC and TmN are both ∼45°.
Each of the inside and outside helices of XRCC4-TmC has a substantial number of pairwise interactions with both helices of the opposing TmN-EB1 dimer. These are shown schematically in Figure 5 . The outside helix B of XRCC4-TmC overlaps with at most 12 residues of the N-terminal coiled coil which corresponds to ∼3.3 R-helical turns. Most of the interactions are nonpolar except for the salt bridge between the carboxylate oxygen of Glu280B and Nζ of Lys5C, and a hydrogen bond between a carboxylate oxygen of Asp275B and the hydroxyl of Ser0D. Both of these interactions provide insight into the structure of the overlap complex. The first interaction between Glu280 and Lys5 would be expected to occur in the native tropomyosin and may be functioning as a positioning element for the R-helical interaction in a manner similar to that of the lone hydrogen bonding event that occurs with Asn16 in the trigger sequence of GCN4 (56, 57) . The difference here is that the polar interaction in the overlap complex lies on the periphery of the helical bundle, whereas it is buried in GCN4.
The interaction between the carboxylate oxygen of Asp275B and the side chain hydroxyl of Ser0D would not occur in native tropomyosin because it involves the serine of the Gly-Ala-Ser peptide that was added to the N-terminus to compensate for the absence of N-acetylation, where either acetylation or the inclusion of a few extra residues is required for the formation of a stable filament of tropomyosin. Thus, at first sight, this interaction might be ignored, but the resulting conformation of the N-terminus provides insight into the molecular role of N-acetylation in native tropomyosin.
Originally, it was proposed that acetylation of the N-terminus eliminated the destabilizing effect of a positively charge amino group in the "a" position of the coiled coil (54) , since this position is normally occupied by a hydrophobic side chain. It was proposed that introduction of an Ala-Ser pair onto the N-terminus of bacterially expressed tropomyosin would move the N-terminus to a surface location more forgiving of a positive charge. Examination of the structure here suggests that the function of the Ala-Ser dipeptide is primarily to maintain Met1 contacts in the XRCC4-TmC-TmN-EB1 overlap complex. Chains A and B correspond to XRCC4-TmC, whereas chains C and D correspond to TmN-EB1. The hydrophobic interactions were selected on the basis of a distance cutoff of 3.9 Å using Contact. The predicted coiled-coil heptad registration is shown for both the N-and C-terminal sequences of smooth muscle tropomyosin (37, 38) . The hydrogen bonding and ionic interactions are highlighted by red circles, whereas all other interactions are nonpolar interactions. The color scheme for this figure is the same as that defined in the ribbon representation shown in Figure 3 .
in an R-helical conformation. The additional serine introduces a peptide carbonyl oxygen that forms an intrahelical hydrogen bond to the amide hydrogen of Leu4, thus keeping Met1 in a helical conformation (Figure 6 ). The presence of a hydrogen bond between the carboxylate oxygen of Asp275B and the Ser0D hydroxyl is probably secondary to this effect, since the same intrahelical backbone hydrogen bond is seen in chain C TmN even though the hydrogen bond between the carboxylate oxygen of Asp275A and the hydroxyl of Ser0C is not observed. In both chains C and D of TmN-EB1, Met1 lies in a hydrophobic pocket which should lend considerable stabilization. This stabilization would be lost if Met1 were to adopt a nonhelical conformation. In nature, acetylation of the N-terminus could perform the same function as the additional serine residue by providing a terminal carbonyl oxygen that would be able to form a hydrogen bond to the backbone amide hydrogen four residues away and thus ensure that Met1 is maintained within an R-helical conformation.
The inside helix of XRCC4-TmC, chain A, overlaps the N-terminal coiled coil of TmN-EB1 by 15 residues, corresponding to ∼4.2 R-helical turns. Considerably more interactions are formed between chain A of XRCC4-TmC and helices C and D of TmN-EB1 than by the outside helix which reflects the effect of the curvature of the complex. A total of 16 residues are involved in the interactions between chain A of XRCC4-TmC and helices C and D of TmN-EB1, compared with 12 residues in the interaction of outer helix B with helices C and D. Again, almost all of the interactions are hydrophobic. There is only a single hydrogen bond between chains A and D between the C-terminal oxygen of Met284A and Nζ of Lys12D ( Figure 5) . A similar overall group of interactions is seen in the Gp7-TmC-TmN-EB1 overlap complex.
Gp7-TmC-TmN-EB1 Overlap Complex. In the Gp7-TmC-TmN-EB1 complex, the curvature is more pronounced by ∼5°which results in further differences in the interactions between the helices (Figure 7) . However, the extent of the overlap is similar. The outside helical segment of TmC overlaps the N-terminal coiled coil by ∼12 residues, whereas the inside helix of TmC overlaps by 15 residues. Because of the additional curvature, the outer helix of TmC translates ∼0.5 Å over the TmN coiled coil relative to the position adopted in the XRCC4-TmC-TmN-EB1 overlap complex. Interestingly, the changes in the interactions are largely compensatory; however, there are more polar interactions in the Gp7-TmC-TmN-EB1 complex than in the complex with XRCC4-TmC.
As in the XRCC4-TmC complex, there are somewhat fewer interactions between the outside helix (chain B) and TmN-EB1 than between the inside helix (A) and the N-terminal coiled coil. Seventeen residues participate in interactions with contact distances of <3.9 Å between the C-terminal chain B and the N-terminal coiled coil. Of these, only three are polar. The interactions between the carboxylate of Glu280B and Nζ of Lys5C and between the carboxylate of Asp275B and side chain hydroxyl of Ser0D are identical to those seen in the XRCC4-TmC complex discussed above. The intramolecular hydrogen bond that serves to maintain Met1 of chain D in an R-helical conformation is also present, demonstrating that this is not a consequence of crystal packing. An additional hydrogen bond is formed between Asn282B and Lys7D.
The inside helix makes more contacts with the N-terminal coiled coil. Nineteen residues in chains A, C, and D are involved in contacts shorter than 3.9 Å , of which eight are polar. The constellation of interactions is similar to that seen in the XRCC4-TmC-TmN-EB1 complex, but there are differences, which demonstrate the plasticity of the interactions between these chains. For example, the C-terminal carboxylate moiety of Met284A of the inside helix forms three salt bridge interactions with Lys7C, Lys12D, and Lys15D. This may keep the side chain FIGURE 6: Hydrogen bonding pattern at the N-terminus of tropomyosin. This figure shows a stereo close-up of the hydrogen bonding pattern associated with the N-terminal helix of tropomyosin and the Gly-Ala-Ser tripeptide addition that is required to allow bacterially expressed tropomyosin to assemble into filaments. As seen here, the additional serine residue maintains the N-terminus of tropomyosin in an R-helical conformation. This is accomplished through an intrahelical hydrogen bond between the carbonyl oxygen of Ser0 and the amide hydrogen of Leu4, together with a hydrogen bond between Oδ1 of Asp275 and Oγ of Ser0. In this conformation, Met1 lies in a hydrophobic pocket that will contribute to the hydrophobic stabilization of the complex. In nature, acetylation of the N-terminus would provide a terminal carbonyl oxygen that would be able to form a hydrogen bond back to the backbone amide hydrogen four residues away and thus allow Met1 to remain in an R-helical conformation.
of Met284A in a hydrophobic environment. In the XRCC4-TmC complex, Met284A still lies in a hydrophobic environment, though the salt bridges are mostly lacking. Although salt bridges are unlikely to contribute significantly to the overall stability, they are expected to influence the specificity of the interactions between the chains. These subtle differences indicate that a variety of interaction angles can be achieved with little energy difference.
The curvature of the XRCC4-TmC-TmN-EB1 and Gp7-TmC-TmN-EB1 overlap complexes raises the question of whether the overlap region is constitutively bent. That is to imply that the most stable conformation is nonlinear. It is not possible to ascertain whether this is the case on the basis of the structures described here because of the potential effect of crystal packing effects which will statistically select against a linear arrangement. However, a nonlinear interaction would be consistent with the assessment that the conformation of the tropomyosin molecule as a whole adopts a structure that follows the helical path dictated by F-actin (58, 59) . However, the degree of curvature necessary to fit the overall helical path of tropomyosin need not necessarily be that great. Simple calculations, based on the diameter of actin and the helical pitch of tropomyosin, suggest that an angular change of 4-5°is all that is needed to encompass the overlap region. In that case, the complexes seen here are overbent and thus reflect the small energies needed to distort the overlap region.
The extent and character of the buried surface area are similar for both complexes. XRCC4-TmC-TmN-EB1 and GP7-TmCTmN-EB1 complexes bury a total of 2114 and 2054 Å 2 , respectively, on complex formation (53) . Within this area, 72% of the surface is nonpolar in the XRCC4-TmC-TmN-EB1 complex and 68% is nonpolar in the GP7-TmC-TmN-EB1 complex. This further strengthens the claim that the four-helix bundle is stabilized by the hydrophobic effect.
As noted earlier, smooth muscle tropomyosin exists as an Rβ heterodimer in vivo (55) . The structure reported here is for an RR homodimer. There are only differences between the R and β isoforms in the N-terminal segment included in these structures (Asp2Glu and Leu19Ile) where neither of these is predicted to favor the heterodimer or destabilize the overlap complex. In contrast, there are eight differences in the C-terminal segment. Of these, the Asn269Gly, Met270Ile, Met273Val, and Met284Leu differences lie within the overlap complex and may influence its stability. In particular, the Asn269Gly isoform difference may allow the C-terminal coiled coils to separate more easily to allow formation of the complex. However, none of the differences in the C-terminal segment are predicted to stabilize the Rβ heterodimer over the RR homodimer; thus, the determinants for heterodimer formation must lie elsewhere in the protein.
Comparison to Previous Overlap Structures. The XRCC4-TmC-TmN-EB1 and GP7-TmC-TmN-EB1 overlap structures most closely match the structures determined previously by NMR (Figure 8 ) (27, 28) . In all of these structures, the C-terminal coiled coils separate to allow interdigitation of the N-and C-termini of tropomyosin. Furthermore, the structures of the chicken smooth muscle tropomyosin overlap complex exhibit degrees of curvature similar to that seen in the non-muscle NMR model (28) . The four-helix bundle observed in the structure of (27) (28) (29) . Note that the free N-terminal chain in the X-ray structure of rabbit skeletal tropomyosin interacts with a crystallographically related C-terminal coiled coil, which doubtless stabilizes this arrangement. skeletal tropomyosin as determined by the NMR structure is more symmetric in the overlap region, although the complex as a whole is somewhat bent. These comparisons are important because of the high degree of conservation of the amino acid sequence of tropomyosin in these regions (Figure 1 ). The sequence of the rat skeletal N-terminal coiled coil is identical to that of chicken smooth muscle tropomyosin studied here, although different amino acids were included to stabilize the N-terminus. Likewise, the sequence of the C-terminal coiled coil is identical to that used in the study of the non-muscle tropomyosin overlap complex except that Asn269 in chicken smooth muscle is replaced with Ser in the non-muscle isoform. However, this position is not involved in any interactions within the different overlap complexes. Thus, it is possible to compare the overlaps accomplished by identical sequences in different combinations.
The primary difference between the NMR structure and model is the extent of the overlap. In the non-muscle model, the overlap extends over 18 residues or five helical turns, whereas the skeletal complex covers a maximum of 13 residues or 3.6 helical turns. This corresponds to buried surface areas of 2302 and 1835 Å 2 for the non-muscle and skeletal tropomyosin overlap complex, respectively, where 66.2 and 66.8% are nonpolar, respectively. The buried surface areas for the chicken smooth muscle overlap complexes lie within the range seen for the non-muscle and skeletal complexes and exhibit a similar proportion of buried nonpolar surface. It is expected that the stability of the complex will be proportional to the buried hydrophobic surface area, which would imply that the non-muscle complex should be somewhat more stable than the smooth muscle complex based on the area. Conversely, the skeletal complex would appear to be the least stable. The differences in buried surface area correlate with the observation that gizzard smooth muscle tropomyosin polymerizes more readily than the striated muscle isoform (60) . This might indicate that other elements are required to stabilize the striated muscle complex in vivo, where the obvious candidate is troponin which binds to the overlap region in skeletal tropomyosin.
An alternative explanation for the stronger complex might be the net charge on the N-terminal and C-terminal coiled coils. It has been shown that a stronger complex is formed when the negative charge on the C-terminus is increased (61) . Indeed, the overlap region of the N-terminus contains more positively charged residues, whereas the C-terminal coiled coil is more negatively charged. The net charge on the 11 C-terminal residues for chicken smooth muscle tropomyosin is -3 (including the C-terminal carboxyl group) compared to -1 for the rat skeletal form. Ironically, the skeletal muscle C-terminus contains the same number of negatively charged residues as the smooth muscle isoform, but the overall negative charge is lower because of the inclusion of two additional positively charged residues. Examination of the structures reveals that it is the position of the charges rather than the simple number that might be important. In the case of the smooth muscle complex, the C-terminal carboxyl group interacts with a cluster of lysine residues (Lys7C, Lys12D, and Lys15D) as mentioned above. The rat skeletal NMR structure exhibits only one salt bridge between Lys7 and the carboxyl terminus that suggests that it is the degree of interdigitation of the coiled coils rather than the total number of charges that is important for stability.
Examination of the detailed interactions and conformations of the identical sequences and their opposing partners in the complexes reveals that for the most part the same amino acids participate in interactions in all complexes, though the exact natures of the interactions are different. This reflects the fact that in both the NMR structures and X-ray structures reported here the C-terminal coiled coils separate somewhat to allow interdigitation but do not fundamentally change their structure. Thus, the same amino acid side chains will be present in the overlap region, but those that they contact will be different. A schematic representation of the intermolecular contacts in the NMR nonmuscle and skeletal tropomyosin overlap complexes is shown in Figures S2 and S3 of the Supporting Information. A few features are worthy of note.
The hydrogen bond between Lys5 and Glu280 seen in the crystal structures reported here is replaced in the NMR rat skeletal structure by a hydrogen bond between Lys5 and the backbone carbonyl oxygen of Ala277. Likewise, Lys7 participates in polar interactions in both the Gp7-TmC-TmN-EB1 complex and the NMR skeletal structure. In the smooth muscle tropomyosin complex, the interaction occurs between side chains, whereas in the skeletal muscle isoform, the lysine interacts with a main chain carbonyl oxygen atom. Apparently, lysine residues can accommodate different binding partners because of the flexibility of the side chain. Lastly, there are differences in the structural orientation of the last few residues of the tropomyosin depending on the structural technique. In the X-ray structures reported here, the R-helical motif is maintained all the way to the N-and C-termini. However, in the skeletal NMR structure, the last three residues of the C-terminus lose their R-helical nature. Likewise, the first few residues at the N-terminus in the rat nonmuscle NMR model adopt nonhelical conformations.
In contrast to the comparisons with the NMR structures, the overlap region of chicken smooth muscle tropomyosin determined here is markedly different from the X-ray structure reported for rabbit skeletal tropomyosin ( Figure 8D ) (29) . The primary disparity is that the N-terminal coiled coil in the rabbit skeletal muscle tropomyosin overlap complex opens and separates so that only a single R-helix interacts with the C-terminal coiled coil. In this latter structure, as in the structure of the Gp7-TmC-TmN-XRCC4 complex presented here, there is also a C-terminal tropomyosin coiled coil that does not participate in any interactions. The difference is that the N-terminal coiled coil separates to interact with two symmetry-related molecules of the C-terminal fragment (the coordinates are reported in lower space group P2 1 rather than crystallographic symmetry space group C222 1 to which the crystals belong to generate a complete molecule of the N-terminal coiled coil in the final coordinates). Furthermore, in the rabbit skeletal X-ray structure, the C-terminal coiled coil does not separate to allow interdigitation by the N-terminal coiled coil, as observed in all other structures, but remains a coiled coil throughout its entirety. The resultant complex generates a trimeric coiled coil instead of the four-helix bundle observed in all other structures of the overlap complex. This results in a relatively small buried surface area of 1045 Å 2 for the complex, where 65% is nonpolar. This is below the magnitude of surface area expected for a stable protein-protein interaction (62) . The small buried surface area is reflected in the intermolecular contacts. There are very few interactions between the single helix and the C-terminal coiled coil in the X-ray structure of skeletal tropomyosin (Figure 9 ) compared to the other structures of the overlap complex where the interactions are evenly distributed across the C-terminal coiled coil. Indeed, there are only two interactions within 3.9 Å with one C-terminal helix and three interactions with the other C-terminal helix. Interestingly, the same type of arrangement is observed in the lowresolution structure of the troponin T overlap complex (29) . There is no simple explanation for the difference between this structure and all others, but it certainly reflects the flexibility of the R-helices at the termini of tropomyosin and the plasticity of their interactions. However, on the basis of energetic considerations, one would expect that the helix bundle overlap complex would be more physiologically relevant.
CONCLUSIONS
The structures of the chicken smooth muscle tropomyosin overlap complex determined here reveal some important features of the tropomyosin filament. First, the small differences in the overlap region found in the two structures determined here suggest that the interaction between the N-and C-terminal ends of tropomyosin is intrinsically flexible, at least in solution. Second, the complex shows an inherent curvature. Both of these observations are consistent with the need for the tropomyosin filament to follow the helical path of the actin subunits, especially because the observed curvature is necessary to fit around the filament. The hydrophobic effect is without question the major stabilizing factor of the four-helix bundle that constitutes the overlap region, where the specificity for the interaction is provided by a few polar interactions at the periphery of the assembly. Interestingly, lysine residues contribute disproportionately to the polar interactions. The longer side chains appear to provide specificity yet also accommodate conformational flexibility because of the length of the side chain.
The structure of the smooth muscle tropomyosin overlap complex is morphologically similar to that of the skeletal tropomyosin complex obtained by NMR but differs from the X-ray crystal structure of the skeletal tropomyosin complex. It is difficult to reconcile the dramatic differences between the three-helix bundle observed in the X-ray skeletal structure and the four-helix bundle seen in all other complexes. This may reflect the sensitivity of the weak overlap interaction in skeletal tropomyosin to outside forces such as crystal packing interactions, where the solution NMR approach is less susceptible to these issues.
Finally, the overlap structures presented here were obtained via creation of a novel series of fusion proteins to stabilize the coiled-coil regions of tropomyosin and to modify the shape of the resulting construct. Inclusion of compact globular domains in the tropomyosin fragments greatly facilitated protein expression and allowed for multiple structural determinations of the same overlap complex. The fact that a very similar complex was formed from two completely different fusion constructs suggests that the complex observed is not an artifact of crystallization. On the basis of the success achieved here, it seems likely that XRCC4, Gp7, and EB1 could prove to be useful as general tools for the expression of domains or regions of proteins that contain coiled coils. Indeed, the structure of the C-terminal domain of Cnm67 from Saccharomyces cerevisiae was recently determined via this strategy [Frye, J., et al. (2010) manuscript in preparation]. In this case, the fusion protein with Gp7 was expressed readily in E. coli, whereas the equivalent construct with GCN4 failed to produce any soluble protein. Given that ∼6% of all eukaryotic proteins are annotated to contain coiled coils (63) , these additions to the repertoire of expression strategies should prove to be generally useful. FIGURE 9 : Schematic representation of the pairwise intermolecular contacts in the rabbit skeletal tropomyosin overlap complex obtained by X-ray diffraction. Chains A and B are the R-helices of the tropomyosin C-terminus, which remain as a coiled coil for their entire length. Chain I is the single R-helix of the N-terminal tropomyosin segment that interacts in an oblique manner with the C-terminal coiled coil. The intermolecular contacts shown in this figure were abstracted from coordinates obtained from the PDB (entry 2Z5I) (29) .
